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Abstract. As part of the SUM4Re project, which aims to create materials banks 

from the built environment through the circular economy, this paper explores the 

intersection of labour productivity, 3D data acquisition, and governance in the 

context of building inventories, with a particular focus on Binckhorst area (The 

Hague, The Netherlands). Although Augmented Reality (AR) devices were not 

designed to export 3D data capture, the integration of diverse sensors, such as 

LiDAR and RGB cameras, allow AR devices to become low-cost scanning tools 

as a viable alternative to more expensive conventional devices. In addition, 

governance aspects, and particularly the role of municipalities can facilitate data 

collection and sharing by regulating it. The Hague is a clear final example of 

Scan/BIM/GIS integration thanks to its 3D Mirror City. This study develops a 

theoretical-practical framework to assess labour productivity in building 

inventories, examining the cost implications of barriers and regulations that affect 

the efficiency of data collection processes. The framework is operationalized 

through a questionnaire designed to capture key elements of labour productivity. 

By integrating these three components, the study aims to contribute to the 

understanding of how innovative technologies and governance models can 

improve efficiency in the construction sector, foster circular economy practices, 

and promote more sustainable urban development. 

Keywords: urban mining, construction and demolition waste, Mixed Reality, 

HoloLens 2, Building Information Modelling. 
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1 Introduction 

The construction industry plays a major role in the global economy but has a significant 

environmental impact. Since 2000, material consumption has tripled, with concrete, 

steel, and cement being the most resource-intensive [1]. Buildings account for 32% of 

global energy consumption and 19% of greenhouse gas (GHG) emissions [2]. Life 

Cycle Assessment (LCA) helps evaluate these impacts and improve energy efficiency. 

Accurate LCA studies require Life Cycle Inventory (LCI) and Material Flow Analysis 

(MFA) to assess material stocks [3]. The residential sector alone consumes 30-50% of 

global resources, creating significant environmental burdens but also opportunities for 

circular economy strategies [4]. However, a lack of comprehensive data limits effective 

decision-making. 

The construction industry also faces challenges like low productivity and fragmented 

value chains, leading to inefficiencies and high construction and demolition waste 

(CDW) generation. Digitalization, such as through LiDAR data collection, improve 3D 

mapping enhancing productivity and accuracy. Integrating digital strategies and LCA 

can help address current constraints and improve sustainability in construction. 

The objective of this work is to develop a theoretical and practical framework for 

evaluating labour productivity in building inventories, analysing the cost impact of 

barriers and regulations on data collection efficiency. This paper studies the application 

of various tools aiming to replace a fraction of manual labour by capital inputs. 

2 Related Work  

In recent years, 3D scanning in construction field has gained widespread attention due 

to increased automation. LiDAR, structured light, and photogrammetry help capture 

precise data [5]. However, traditional technologies are expensive and require 

specialized training to operate effectively [6]. One promising alternative is the usage of 

Augmented Reality Head Mounted Displays, such as Microsoft HoloLens 2. These 

allow to generate a 3D reconstruction of the environment in real time, allowing users 

to visualize and interact with digital models directly within their physical surroundings. 

These non-conventional tools can reduce the cost of the equipment up to 100 times. 

The possibility of real-time enrichment and interaction with the data also minimizes 

processing times and the associated costs. 

Regarding applications of 3D building reconstructions, Liang [7] proposes a method 

that uses 3D laser to scan and restore a building. Antova [8] presents two applications 

based on portable LiDAR technology to reconstruct large buildings. Mariniuc et al. [9] 

work on obtaining correct measurement of buildings using different sensors like 

LiDAR or ZED stereo cameras. Other systems are focused on the virtualization and 

visualization of the reconstructed scenarios in Virtual Reality, such as Mora et al. [10]. 

Moreover, one prominent application is the integration of 3D scanning with Building 

Information Modelling (BIM) and Geographic Information Systems (GIS) [11]. This 

integration supports urban governance by facilitating data-driven decision-making and 

promoting the reuse of materials in line with circular economy principles. 
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3 Materials and Methods 

3.1 The Binckhorst Area 

The Hague has maintained a publicly accessible 3D Mirror City (“Spiegelstad”) since 

2017 as part of its smart urban management strategy. This digital twin of the city’s 

physical environment, hosted on an ArcGIS platform, integrates diverse data sources, 

including traffic and public transport databases, monuments, and city repositories. 

The pilot site in the Binckhorst area of The Hague provides both a Donor and Target 

building as test cases for capturing circularity and material data, with a focus on 

building geometry and material characterization (Fig. 1). The city of The Hague owns 

a proportionately large amount of the land area in this neighbourhood, thereby 

increasing their influence and enabling circular strategies to gain a foothold in real 

estate developments. The integration of circularity data from these two buildings into 

the 3D Mirror City would be a significant step towards enriching the city’s digital twin. 

 

 

Fig. 1. 3D Mirror City visualization of Binckhorst area: Donor (orange) and Target (blue). 

3.2 Governance 

The literature review highlights significant barriers in governance models for 

sustainable urban construction logistics, such as lack of collaboration incentives, poor 

information-sharing, and misaligned stakeholder objectives [12]. These issues hinder 

the integration of AR technologies, which relies on strong coordination and data-

sharing. To address this, the research explores governance models that support AR 

adoption and improve labour productivity in building inventories. Binckhorst presents 

an opportunity for governance innovation, enabling public-private collaboration to map 

buildings, sort materials, and optimize reuse and recycling. 

To analyse Binckhorst’s governance structures, the research team conducted desk 

research and interviews with key stakeholders, providing insights into challenges and 

opportunities for AR-based solutions. 
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3.3 3D data acquisition and BIM generation  

Non-conventional devices are becoming alternatives to professional scanners due to 

costs and sensorization improvements. HoloLens 2 stands out for its LiDAR and AR 

capabilities. Furthermore, its main limitations — drift over long scans, limited field of 

view, low point density and range compared to professional scanners… — do not affect 

negatively BIM generation with the proper movements during the scan. The main 

geometry is recognizable, and magnitude orders are preserved in short scans. 

A scanning methodology was developed using HoloLens 2 and the Reality Mesher 

app [13], allowing 3D data acquisition and virtual marker placement. The collected 3D 

point cloud data was used to create BIM geometry, starting with outer walls, floors, and 

ceilings, followed by interior walls, doors, windows, columns, and stairs. 

 

3.4 Labour productivity  

Labour productivity, defined as the ratio of output to labour input, measures how 

efficiently labour is used to generate output [14]. A Cobb-Douglas specification is used 

to capture both capital-labour substitution and diminishing marginal returns, which 

align with the empirical characteristics of the inventorying process: 

  

𝑃𝑖𝑗 = 𝐴𝑖𝑗𝐾𝑖𝑗
𝛼𝑖𝑗𝐿𝑖𝑗

𝛽𝑖𝑗 (1) 

 

where 𝑃 presents the output of the inventorying work, 𝐴 represents the level of 

technology, 𝐾 and 𝐿 the capital and labour inputs, with 𝛼 and 𝛽 representing output 

elasticities respectively, capturing the responsiveness of output to changes in each 

factor input. Each type of information has different relations between factor inputs and 

outputs, with information required for legal and regulatory standards 𝑃𝑏  being more 

capital-intensive as it requires more precise quantitative information (e.g. material 

strength, chemical composition) and information enhancing marketability by informing 

potential buyers 𝑃𝑦 relying on more subjective assessments (aesthetic qualities, 

historical significance).  

For circular construction, inventorying serves as an intermediate process that 

provides information ex ante, allowing for a more informed decision between 

demolition and deconstruction. The efficiency of inventorying has both a direct and 

indirect effect on the level of reusability of building materials. This relationship can be 

formalized through a profit function that captures the trade-off between inventorying 

costs and the economic returns from different deconstruction strategies: 

 

𝛱 = ∑[𝜃𝑖𝑗 (𝑌𝑐,𝑖𝑗 − (𝑂𝑐,𝑖𝑗 + 𝑆𝑐,𝑖𝑗 + 𝐵𝑐,𝑖𝑗))

𝑖,𝑗

+ (1 − 𝜃𝑖𝑗) (𝑌𝑑,𝑖𝑗 − (𝑂𝑑,𝑖𝑗 + 𝑆𝑑,𝑖𝑗 + 𝐵𝑑,𝑖𝑗))] − 𝐼 

(2) 

 

where 𝛱 is the profit or loss of the deconstruction project, and 𝜃 indicates the share of 

the materials that is deconstructed, since demo. 𝑌, 𝑂, 𝑆 and 𝐵 stand for residual material 

value, organisational costs, demolition activities and legal costs respectively, whereas 
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𝑐 and 𝑑 refer to circular deconstruction and traditional demolition respectively, and 

lastly 𝐼 represents the inventorying costs. Through a questionnaire, the productivity-

enhancing features of these instruments are assessed by examining the tools themselves, 

the types of labour and capital required for their operation, their applicability to 

different material and product types, and the limitations on their broader use. 

4 Results and discussion 

4.1 Governance 

The governance model in Binckhorst is fragmented, particularly in circular construction 

projects, where private sector innovations and public policies are misaligned, limiting 

the market potential of AR-driven material reuse. Key challenges include poor 

coordination, misaligned incentives, and insufficient data-sharing among stakeholders. 

To overcome these barriers, a multi-level, inter-municipal governance framework is 

essential to harmonize regulations, foster cooperation, and support the adoption of low-

cost AR technologies. 

A harmonized regulatory framework across municipalities can ensure consistent 

AR-based inventory tracking and demountable building design standards, making 

material reuse more efficient and scalable. Cities should establish shared data protocols 

and align zoning laws and building codes to support AR-driven circular construction. 

Furthermore, municipalities can pool resources to fund regional AR pilot projects and 

provide joint financial incentives, such as subsidies for open-source AR tools and tax 

benefits for circular economy initiatives. 

To strengthen market access for reusable materials, a regional AR-enabled 

marketplace should be developed, where stakeholders can exchange, track, and certify 

materials using AI-powered verification. This would improve market transparency, 

trust, and accessibility, allowing both large firms and SMEs to participate in cost-

effective AR-based material tracking.  

Finally, an inter-municipal AR training hub should be established to equip 

construction workers with AR skills, ensuring that technology adoption translates into 

productivity gains. By embracing a collaborative, inter-municipal approach, cities can 

accelerate AR adoption, improve labour productivity, and drive a more sustainable and 

technology-driven construction ecosystem.  

 

4.2 3D data acquisition and integration 

The data obtained from HoloLens 2 was exported and visualized using CloudCompare 

(Fig. 2). The point clouds had an average of 250 points per square meter, with higher 

density on detailed areas. The registration was done manually against AHN4. 
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Fig. 2. Pont cloud of Target building scanned with HoloLens 2. 

Despite the relatively low point density, all important structural elements were easily 

recognizable. This includes walls, floor, ceiling, columns and beams, but also windows, 

doors, stairs, etc. Furniture and other minor elements such as fire extinguishers are not 

considered in the context of this work. Subsequently, the BIM was loaded in ArcGIS 

Pro and georeferenced to OpenStreetMap (Fig. 3).  

 

 

Fig. 3. ArcGIS visualization of Donor Building BIM model (gray) on OSM with World Elevation 

3D. 

The enrichment of BIM models with circularity data, presents an opportunity to 

enhance city Digital Twins hosted on GIS platforms, such as The Hague’s Mirror City, 

with information about circularity. These models are enriched with data connection to 

material databases, including CIRDAX (a platform dedicated to the inventorying of 

building materials and generation of material passports and building logbooks), 

CONCULAR (a smart tool enabling lifecycle assessment calculations based on material 

inventories, building resource passes and auditing) and GENIA (a webtool originally 

dedicated to the inspection and structural assessment of large infrastructure, which 

allows the incorporation and enrichment of IFC models). 

 

4.3 Labour productivity 

The use of AR scanners in the inventorying process generates 3D point clouds, which 

can be digitally linked to various software tools, including those enhanced by AI. These 

tools allow for the addition of manual annotations to indicate the type and quality of 
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materials, such as visible cracks or other damage. The primary advantage of these 

scanners lies in their ability to provide precise measurements of entire rooms or 

buildings, which is beneficial for creating a digital representation of the structure. 

However, while the accuracy of measurements is valuable, this information is only 

useful to link individual materials and products, which require further processing and 

interpretation.  

The high costs of LiDAR technologies pose significant barriers to their widespread 

use in inventorying. The LiDAR scanner, priced around €30,000, provides high-quality 

results, but the expense may outweigh the benefits for certain applications. In 

comparison, the HoloLens 2, priced at €5,000, offers lower-quality results but is 

considerably more affordable. While both tools enhance measurement accuracy, the 

time required for manually annotating the generated data significantly exceeds the time 

spent on scanning itself. This raises the question of whether investing in a 3D model as 

a blank canvas on which further information can be added is truly valuable for the goals 

of deconstruction and demolition, especially when considering the time and effort 

required for data interpretation. Using a table-like format like CIRDAX, in which 

material and product information can be stored, might prove equally effective with 

fewer capital input. Also, the 3D point cloud does not provide information on chemical 

composition of the materials.  

Inventorying is crucial before deconstruction, guiding material reuse and tool 

selection. Without prior data, determining the right instruments is difficult, especially 

for material-specific equipment. For example, assessing a steel beam’s integrity is 

challenging without prior access, adding logistical complexity and increasing costs. The 

high cost of specialized tools and training reduces their economic viability. LiDAR 

requires significant investment in equipment and expertise, which may not be justified 

given the limited role in deconstruction. 

5 Conclusion 

In this work a 3D scanning of two buildings in Binckhorst area has been conducted 

with AR tools to ensure the circularity of the existing urban materials in a context where 

governance and labour productivity are essential. AR and LiDAR technologies enhance 

measurement accuracy but face challenges like high costs, manual data processing, and 

limited applicability in deconstruction projects. In addition, governance inefficiencies 

hinder the adoption of AR and digital tools in inventorying and deconstruction 

processes. Collaborative governance models, standardized data-sharing, and public-

private partnerships can improve the efficiency of inventorying and material reuse 

strategies. To maximize sustainability and productivity, the industry must balance 

technological advancements with cost-effective solutions. 
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